The budding yeast Saccharomyces cerevisiae AE1278b contains the MPR1 gene encoding N-acetyltransferase, which detoxifies the L-proline analog L-azetidine-2-carboxylate (AZC). Of 131 yeasts tested, AZC acetyltransferase activity was detected in 17 strains of 41 strains that showed AZC resistance. Degenerate-PCR analysis revealed that two strains, i.e., Candida saitoana AKU4533 and Wickerhamia fluorescens AKU4722, contained a DNA fragment highly homologous to MPR1. This indicates that AZC acetyltransferases are widely distributed in yeasts.
These genes, MPR1 and MPR2 (sigma 1278b gene for proline-analog resistance), were identified on chromosomes XIV and X respectively of the AE1278b background strain, but were absent from the sequenced laboratory strain S288C. Although there is a single amino acid substitution at position 85 between the deduced amino acid sequences of MPR1 and MPR2, these genes play similar roles in AZC resistance. MPR1 encodes an AZC N-acetyltransferase (AZC-AT), by which AZC is acetylated but L-proline itself and other proline analogs are not acetylated.
2) AZC, which is a toxic four-membered ring analog of L-proline, is transported into prokaryotic and eukaryotic cells through proline transporters. Once inside a cell, AZC competes with L-proline for incorporation into nascent proteins, resulting in protein misfolding, which inhibits cell growth.
3) It is thought that the MPR1-encoded protein Mpr1 converts AZC into N-acetyl AZC, which cannot compete with L-proline during protein synthesis ( Fig. 1) . 2) Homologous genes (Spa MPR1 and ppr1 þ ) that encode similar acetyltransferases have been identified in S. paradoxus, an S. cerevisiae-complex species, 4) and in the fission yeast Schizosaccharomyces pombe, 5) respectively. Moreover, genomic PCR analysis has revealed that most S. cerevisiae-complex species have sequences highly homologous to that of MPR1.
4)
Using a BLAST search, it was recently discovered that Kluyveromyces lactis, Debaryomyces hansenii, Yarrowia lipolytica, Neurospora crassa, Aspergillus terreus, Gibberella zeae, Chaetomium globosum, Neosartorya fischeri, Candida albicans, Magnaporthe grisea, A. fumigatus, A. nidulans, and A. oryzae individually contain a DNA fragment that is highly homologous to MPR1. 6) These results suggest that MPR1 is broadly present in various yeast and fungus strains, but, enzymatic analysis of these MPR1 homologs has been limited to S. paradoxus 4) and S. pombe. C in Luria-Bertani medium (0.5% yeast extract, 1% tryptone, and 1% NaCl) containing ampicillin (50 mg/ml). For solid media, 2% agar was added. The yeast cells were collected, washed with 0.85% NaCl, and resuspended in 20 mM Tris-HCl (pH 7.5) containing 20% (v/v) glycerol, 1 mM EDTA, and 5% (v/v) Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). The cells were then disrupted by vigorous shaking with glass beads in a Multi-Beads Shocker (MB601U; Yasui Kikai, Osaka, Japan) for 15 min. After centrifugation (13;000 Â g at 4 C for 30 min), the protein concentration was determined using a Bio-Rad Protein Assay Kit (Hercules, CA), with bovine serum albumin as the standard. AZC-AT activity was assayed as described previously. 5) For those yeast strains with AZC-AT activity, the internal amino acid sequences of Mpr1 1) and Ppr1 5) were used to design a 192-fold-degenerated oligonucleotide (forward, 5 0 -TTY TAY ATH AAR CCN AAY TA-3 0 ) and a 512-fold-degenerated oligonucleotide (reverse, 5 0 -TNG TIR CRA ANA CIA RRT T-3 0 ). Chromosomal DNA was extracted from the yeast strains using a Qiagen DNeasy Tissue Kit (Qiagen, Valencia, CA) and was used as a template for amplification. A total of 100 ng of genomic DNA was added to a solution containing 5 ml of 10Â Ex Taq buffer (Takara Bio, Ohtsu, Japan), 0.2 mM each of four deoxynucleoside triphosphates, 100 pmol each of the two primers, 0.75 U of Ex Taq DNA polymerase (Takara Bio), and enough distilled water to bring the total volume to 50 ml. Thirty PCR cycles (94 C for 1 min, 47 C for 1 min, and 72 C for 1 min) were performed using a model ABI 9700 thermal cycler (Applied Biosystems, Foster City, CA). The products (about 180 bp) were then purified and ligated into TA cloning vector pGEM-T Easy (Promega, Madison, WI). The nucleotide sequences of the inserted DNA fragments were verified by sequencing. GenBank accession numbers for MPR1 from S. cerevisiae AE1278b and ppr1 þ from S. pombe are AB031349 and AB083128 respectively. The GenBank accession numbers for the cloned fragments that included the MPR1 homologs from C. saitoana AKU4533 and W. fluorescens AKU4722 are AB331955 and AB331956 respectively.
We examined the growth of multiple yeast strains on SD agar plates containing AZC to identify those strains with resistance to AZC similar to or greater than S. cerevisiae AE1278b ( Table 1 ). The fact that 41 of 131 strains grew in the presence of AZC indicates that AZC resistance is widely distributed in yeasts, including both basidiomycetous and ascomycetous strains. These data confirm that AZC resistance is not limited to S. cerevisiae, S. cerevisiae-complex species, and S. pombe, but is common to several yeast genera. There are several possible explanations for the AZC resistance of the cells: (i) the cells do not incorporate AZC, suggesting that they possess a different type of amino acid transporter than S. cerevisiae; (ii) the cells accumulate large quantities of L-proline, which dilutes the effect of AZC; 7) and (iii) the cells degrade or modify AZC directly. The hitherto known AZC-resistant strains S. cerevisiae, S. paradoxus, and S. pombe use the third of these mechanisms, because modification of AZC by Mpr1 in these strains eventually converts AZC into Nacetyl-AZC for detoxification, 2, 4, 5) but, the mechanisms used by the newly identified strains (Table 1) are currently unknown.
To determine whether the AZC-resistant strains have AZC-AT activity, we measured the level of acetyltransferase activity in total cell extracts from the AZCresistant strains. AZC-AT activity was clearly detected in 17 strains (Table 1) . No measurable activity was observed in the other 24 strains. AZC-AT activity was significant (17 out of 41, 41%) in the AZC-resistant strains, suggesting that AZC detoxification by acetyltransferase is one of the main mechanisms of resistance to AZC in yeast. AZC-AT activity of AZC-sensitive strains was not investigated in this study. The mecha- nism of AZC resistance in the other 24 strains that lacked AZC-AT activity is unclear. It is possible that these strains use one of the other two mechanisms described above, type (i) or (ii), but, we cannot exclude the possibility that these strains have very low or unstable acetyltransferase activity toward AZC, which may have been missed under our experimental conditions. Based on the findings described above, we anticipated that a portion of the MPR1 gene would occur in other yeast strains. Hence, we performed genomic PCR using degenerate primers based on the sequences of MPR1 and ppr1 þ . Although several strains yielded a PCR-generated product, most of them could not be sequenced. Nevertheless, we successfully sequenced a unique 174-bp fragment from two strains, Candida saitoana AKU4533 and Wickerhamia fluorescens AKU4722. The nucleotide sequences of the fragments revealed that both were about 60% homologous to the partial sequence of MPR1 (data not shown). The deduced amino acid sequences of the fragments from C. saitoana AKU4533 and W. fluorescens AKU4722 exhibited 66% and 64% identity to that of Mpr1 respectively (Fig. 2) . These results strongly suggest that C. saitoana AKU4533 and W. fluorescens AKU4722 have an MPR1 homolog that encodes an AZC acetyltransferase.
In this study, we found that various yeast strains exhibited AZC-AT activity and that two yeast strains, C. saitoana AKU4533 and W. luorescens AKU4722, had an MPR1 homolog that encoded an AZC-AT. From these results, we concluded that AZC detoxification by acetyltransferase is not limited to S. cerevisiae, S. paradoxus, and S. pombe, but is widely distributed in various yeast strains. Many AZC-resistant strains, however, did not show AZC-AT activity. Thus AZC resistance mechanisms other than detoxification by acetyltransferase, i.e., above-described type (i) or (ii) mechanisms, also appear to be important for many yeast strains. For example, those strains without AZC-AT activity may not incorporate AZC into cell as in the case of permeasemutated S. cerevisiae.
8) BLASTP (amino acid sequence vs. amino acid sequence) analysis has revealed that several putative proteins of yeast strains, including Cryptococcus neoformans and K. lactis, showed significant similarity to the primary sequence of Mpr1 (data not shown). In this study, however, C. neoformans AKU4501 and K. lactis AKU4530 did not show AZC resistance. Only K. lactis AKU4128 exhibited AZC-AT activity (Table 1) . This discrepancy might be due to the difference between the genome-sequenced strain and the strain used in this study, as in the case of relationship between S. cerevisiae S288C and S. cerevisiae AE1278b. Another explanation is also possible. The genes encoding AZC-AT in C. neoformans AKU4501 and K. lactis AKU4530 might require special culture conditions for their expression. For example, AZC concentration used in this study (0.3 mg/ml) was not suitable for gene expression. Still, the detailed reason remains unclear.
Why do some yeast strains possess an MPR1 homolog? It is unlikely that AZC is a natural substrate for Mpr1 in S. cerevisiae AE1278b because AZC occurs only in some plant species. 9) Mpr1 reduces the level of intracellular oxidation by acetylating an unidentified substrate(s) involved in the generation of reactive oxygen species (mainly H 2 O 2 ), and protects yeast cells exposed to various oxidative stresses, including H 2 O 2 , heat-shock, freeze-thaw, and ethanol. 6, 10, 11) It is possible that Mpr1 acts as a backup system for oxidative stressinduced antioxidant enzymes in S. cerevisiae. Our results also suggest that the AZC-ATs that occur in various yeast strains have a conserved function during oxidative stress, in addition to detoxifying AZC, as in the case of Mpr1 from S. cerevisiae AE1278b. In terms of the detoxification mechanism by N-acetylation, Yow et al. 12, 13) recently reported the existence of a D-amino acid N-acetyltransferase in S. cerevisiae. It is apparent that detoxification by N-acetylation is energetically inefficient because the reaction requires acetyl-CoA, which is an important intermediate of cellular metabolism that requires ATP for its biosynthesis. Thus a physiological role for detoxification by N-acetylation in yeast cells is a particularly intriguing question.
